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ABSTRACT9
With most planets and planetary candidates detected in the stellar habitable zone (HZ) being super-10
Earths and gas giants, rather than Earth-like planets, we naturally wonder if their moons could be11
habitable. The first detection of such an exomoon has now become feasible, and due to observational12
biases it will be at least twice as massive as Mars. But formation models predict moons can hardly13
be as massive as Earth. Hence, a giant planet’s magnetosphere could be the only possibility for such14
a moon to be shielded from cosmic and stellar high-energy radiation. Yet, the planetary radiation15
belt could also have detrimental effects on exomoon habitability. We here synthesize models for the16
evolution of the magnetic environment of giant planets with thresholds from the runaway greenhouse17
(RG) effect to assess the habitability of exomoons. For modest eccentricities, we find that satellites18
around Neptune-sized planets in the center of the HZ around K dwarf stars will either be in an RG19
state and not be habitable, or they will be in wide orbits where they will not be affected by the20
planetary magnetosphere. Saturn-like planets have stronger fields, and Jupiter-like planets could coat21
close-in habitable moons soon after formation. Moons at distances between about 5 and 20 planetary22
radii from a giant planet can be habitable from an illumination and tidal heating point of view, but23
still the planetary magnetosphere would critically influence their habitability.24
Keywords: astrobiology – celestial mechanics – methods: analytical – planets and satellites: magnetic25
fields – planets and satellites: physical evolution – planet-star interactions26
1. INTRODUCTION27
The search for life on worlds outside the solar system28
has experienced a substantial boost with the launch of29
the Kepler space telescope in 2009 March (Borucki et al.30
2010). Since then, thousands of planet candidates have31
been detected (Batalha et al. 2013), several tens of which32
could be terrestrial and have orbits that would allow for33
liquid surface water (Kaltenegger & Sasselov 2011). The34
concept used to describe this potential for liquid water,35
which is tied to the search for life, is called the “habitable36
zone” (HZ) (Kasting et al. 1993). Yet, most of the Kepler37
candidates, as well as most of the planets in the HZ de-38
tected by radial velocity measurements, are giant planets39
and not Earth-like. This leads us to the question whether40
these giants can host terrestrial exomoons, which may41
serve as habitats (Reynolds et al. 1987; Williams et al.42
1997).43
Recent searches for exomoons in the Kepler data (Kip-44
ping et al. 2013a,b) have fueled the debate about the45
existence and habitability of exomoons and incentivized46
others to develop models for the surface conditions on47
these worlds. While these studies considered illumination48
effects from the star and the planet, as well as eclipses,49
tidal heating (Heller 2012; Heller & Barnes 2013b,a), and50
the transport of energy in the moon’s atmosphere (For-51
gan & Kipping 2013), the magnetic environment of exo-52
moons has hitherto been unexplored.53
Moons around giant planets are subject to high-energy54
radiation from (1) cosmic particles, (2) the stellar wind,55
and (3) particles trapped in the planet’s magnetosphere56
(Baumstark-Khan & Facius 2002). Contributions (1)57
and (2) are much weaker inside the planet’s magneto-58
sphere than outside, but effect (3) can still have detri-59
mental consequences. The net effect (beneficial or detri-60
mental) on a moon’s habitability depends on the actual61
orbit, the extent of the magnetosphere, the intrinsic mag-62
netosphere of the moon, the stellar wind, etc.63
Stellar mass-loss and X-ray and extreme UV (XUV)64
radiation can cause the atmosphere of a terrestrial world65
to be stripped off. Light bodies are in particular dan-66
ger, as their surface gravity is weak and volatiles can67
escape easily (Lammer et al. 2013). Mars, for example,68
is supposed to have lost vast amounts of CO2, N, O,69
and H (the latter two formerly bound as water) (McEl-70
roy 1972; Pepin 1994; Valeille et al. 2010). Intrinsic and71
extrinsic magnetic fields can help moons sustain their at-72
mospheres and they are mandatory to shield life on the73
surface against galactic cosmic rays (Grießmeier et al.74
2009). High-energy radiation can also affect the atmo-75
spheric chemistry, thereby spoiling signatures of spectral76
biomarkers, especially of ozone (Segura et al. 2010).77
Understanding the evolution of the magnetic environ-78
ments of exomoons is thus crucial to asses their habit-79
ability. We here extend models recently applied to the80
evolution of magnetospheres around terrestrial planets81
under an evolving stellar wind (Zuluaga et al. 2013). Em-82
ployed on giant planets, they allow us a first approach83
toward parameterizing the potential of a giant planet’s84
magnetosphere to affect potentially habitable moons.85
2. METHODS86
In the following, we model a range of hypothetical sys-87
tems to explore the potential of a giant planet’s mag-88
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netosphere to embrace moons that are habitable from a89
tidal and energy budget point of view.90
2.1. Bodily Characteristics of the Star91
M dwarf stars are known to show strong magnetic92
bursts, eventually coupled with the emission of XUV ra-93
diation as well as other high-energy particles (Gurzadian94
1970; Silvestri et al. 2005). Moreover, stars with masses95
below 0.2–0.5 solar masses (M⊙) cannot possibly host96
habitable moons, since stellar perturbations excite haz-97
ardous tidal heating in the satellites (Heller 2012). We98
thus concentrate on stars more similar to the Sun. G99
dwarfs, however, are likely too bright and too massive to100
allow for exomoon detections in the near future. As a101
compromise, we choose a 0.7M⊙ K dwarf star with solar102
metallicity Z = 0.0152 and derive its radius (R⋆) and ef-103
fective temperature (Teff,⋆) at an age of 100Myr (Bressan104
et al. 2012): R⋆ = 0.597R⊙ (R⊙ being the solar radius),105
Teff,⋆ = 4270K. These values are nearly constant over106
the next couple of Gyr.107
2.2. Bodily Characteristics of the Planet108
We use planetary evolution models of Fortney et al.109
(2007) to explore two extreme scenarios, between which110
we expect most giant planets: (1) mostly gaseous with a111
core mass Mc = 10 Earth masses (M⊕) and (2) planets112
with comparatively massive cores. Class (1) corresponds113
to larger planets for given planetary mass (Mp). Mod-114
els for suite (2) are constructed in the following way.115
For Mp < 0.3MJup, we interpolate between radii of116
planets with core masses Mc = 10, 25, 50 and 100M⊕117
to construct Neptune-like worlds with a total amount118
of 10% hydrogen (H) and helium (He) by mass. For119
Mp > 0.3MJup, we take the precomputed Mc = 100M⊕120
grid of models. These massive-core planets (2) yield an121
estimate of the minimum radius for given Mp. To ac-122
count for irradiation effects on planetary evolution, we123
apply the Fortney et al. (2007) models for planets at124
1AU from the Sun.125
As it is desirable to compare our scaling laws for the126
magnetic properties of giant exoplanets with known mag-127
netic dipole moments of solar system worlds, we start out128
by considering a Neptune-, a Saturn-, and a Jupiter-class129
host planet. For the sake of consistency, we attribute to-130
tal masses of 0.05, 0.3, and 1MJup, as well as Mc = 10,131
25, and again 10M⊕, respectively.132
2.3. Bodily Characteristics of the Moon133
Kepler has been shown capable of detecting moons as134
small as 0.2M⊕ combining measurements of the planet’s135
transit timing variation and transit duration variation136
(Kipping et al. 2009). The detection of a planet as small137
as 0.3 Earth radii (R⊕), almost half the radius of Mars138
(Barclay et al. 2013), around a K star suggests that direct139
transit measurements of Mars-sized moons may be pos-140
sible with current or near-future technology (Sartoretti141
& Schneider 1999; Szabo´ et al. 2006; Kipping 2011). Yet,142
in-situ formation of satellites is restricted to a few times143
10−4Mp at most (Canup & Ward 2006; Sasaki et al.144
2010; Ogihara & Ida 2012). For a Jupiter-mass planet,145
this estimate yields a satellite of about 0.03M⊕ ≈ 0.3146
times the mass of Mars. Alternatively, moons can form147
via a range of other mechanisms (for a review, see Sec-148
tion 2.1 in Heller & Barnes 2013b). We therefore suspect149
moons of roughly the mass and size of Mars to exist and150
to be detectable in the near future.151
Following Fortney et al. (2007) and assuming an Earth-152
like rock-to-mass fraction of 68%, we derive a radius153
of 0.94 Mars radii or 0.5R⊕ for a Mars-mass exomoon.154
Tidal heating in the moon is calculated using the model155
of Leconte et al. (2010) and assuming an Earth-like time156
lag of the moon’s tidal bulge τs = 638 s as well as a sec-157
ond degree tidal Love number k2,s = 0.3 (Heller et al.158
2011).159
2.4. The Stellar Habitable Zone160
We investigate a range of planet-moon binaries located161
in the center of the stellar HZ. Therefore, we compute162
the arithmetic mean of the inner HZ edge (given by the163
moist greenhouse effect) and the outer HZ edge (given by164
the maximum greenhouse) around a K dwarf star (Sec-165
tion 2.1) using the model of Kopparapu et al. (2013). For166
this particular star, we localize the center of the HZ at167
0.56AU.168
2.5. The Runaway Greenhouse and Io Limits169
The tighter a moon’s orbit around its planet, the170
more intense the illumination it receives from the planet171
and the stronger tidal heating. Ultimately, there exists172
a minimum circumplanetary orbital distance, at which173
the moon becomes uninhabitable, called the “habitable174
edge” (Heller & Barnes 2013b). As tidal heating depends175
strongly on the orbital eccentricity eps, amongst others,176
the radius of the HE also depends on eps.177
We consider two thresholds for a transition into an178
uninhabitable state: (1) When the moon’s tidal heat-179
ing reaches a surface flux similar to that observed on180
Jupiter’s moon Io, that is 2Wm−2, then enhanced tec-181
tonic activity as well as hazardous volcanism may occur.182
Such a scenario could still allow for a substantial area of183
the moon to be habitable, as tidal heat leaves the surface184
through hot spots, (see Io and Enceladus, Ojakangas &185
Stevenson 1986; Spencer et al. 2006; Tobie et al. 2008),186
and there may still exist habitable regions on the surface.187
Hence, we consider this “Io-limit HE” (Io HE) as a pes-188
simistic approach. (2) When the moon’s global energy189
flux exceeds the critical flux to become a runaway green-190
house (RG), then any liquid surface water reservoirs can191
be lost due to photodissociation into hydrogen and oxy-192
gen in the high atmosphere (Kasting 1988). Eventually,193
hydrogen escapes into space and the moon will be desic-194
cated forever. We apply the semi-analytic RG model of195
Pierrehumbert (2010) (see Equation 1 in Heller & Barnes196
2013b) to constrain the innermost circumplanetary orbit197
at which a moon with given eccentricity would just be198
habitable. For our prototype moon, this model predicts199
a limit of 269Wm−2 above which the moon would tran-200
sition to an RG state. We call the corresponding critical201
semi-major axis the “runaway greenhouse HE” (RG HE)202
and consider it as an optimistic approach.203
We calculate the Io and RG HEs for eps ∈204
{0.1, 0.01, 0.001} using Equation (22) from Heller &205
Barnes (2013b) and introducing two modifications. First,206
the planetary surface temperature (Tp) depends on the207
equilibrium temperature (T eqp ) due to absorbed stellar208
light and on an additional component (Tint) from inter-209
nal heating: Tp = ([T
eq
p ]
4 + T 4int)
1/4. Second, we use a210
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Figure 1. Sketch of the planetary magnetosphere. RS denotes
the standoff distance, RM labels the radius of the magnetopause.
A range of satellite orbits illustrates how a moon can periodically
dive into and out of the planetary magnetosphere. Conceptually,
the dashed orbit resembles that of Titan around Saturn, with oc-
casional shielding and exposition to the solar wind (Bertucci et al.
2008). At orbital distances & 2RS , the fraction of the moon’s orbit
spent outside the planet’s magnetospheric cavity reaches ≈ 80%.
Bond albedo αopt = 0.3 for the stellar illumination ab-211
sorbed by the moon and αIR = 0.05 for the light absorbed212
from the relatively cool planet (Heller & Barnes 2013a).213
2.6. Planetary Dynamos214
We apply scaling laws for the magnetic field strength215
(Olson & Christensen 2006) that consider convection in216
a spherical conducting shell inside a giant planet and a217
convective power Qconv (Equation (28) in Zuluaga et al.218
2013), provided by the Fortney et al. (2007) models.219
The ratio between inertial forces to Coriolis forces is cru-220
cial in determining the field regime — be it dipolar- or221
multipolar-dominated — for the dipole field strength on222
the planetary surface. We scale the ratio between dipo-223
lar and total field strengths following Zuluaga & Cuartas224
(2012).225
The core density (ρc) is estimated by solving a poly-226
tropic model of index 1 (Hubbard 1984). Radius and227
extent of the convective region are estimated by apply-228
ing a semi-empirical scaling relationship for the dynamo229
region (Grießmeier 2006). Thermal diffusivity κ is as-230
sumed equal to 10−6 for all planets (Guillot 2005). Elec-231
trical conductivity σ is assumed to be 6× 104 for planets232
rich in H and He, and σ = 1.8×104 for the ice-rich giants233
(Olson & Christensen 2006).234
We have verified that our model predicts dynamo re-235
gions that are similar to results obtained by more so-236
phisticated analyses. For Neptune, our model predicts237
a dynamo radius Rc = 0.77 planetary radii (Rp) and238
ρc = 3000 kgm
−3, in good agreement to Kaspi et al.239
(2013). We also ascertained the dynamo scaling laws to240
reasonably reproduce the planetary dipole moments of241
Ganymede, Earth, Uranus, Neptune, Saturn, and Jupiter242
(J. I. Zuluaga et al., in preparation). For the mass range243
considered here, the predicted dipole moments agree244
within a factor of two to six. Discrepancies of this magni-245
tude are sufficient for our estimation of magnetospheric246
properties, because they scale withM
1/3
dip . Significant un-247
derestimations arise for Neptune and Uranus, which have248
strongly non-dipolar surface fields.249
2.7. Evolution of the Magnetic Standoff Distance250
The shape of the planet’s magnetosphere can be ap-251
proximated as a combination of a semi-sphere with ra-252
dius RM and a cylinder representing the tail region (Fig-253
ure 1). The planet is at a distance RM − RS off the254
sphere’s center, with255
RS =
(
µ0f
2
0
8pi2
)1/6
M1/3P−1/6sw (1)
being the standoff distance, µ0 = 4pi × 10
−7NA−2 the256
vacuum magnetic permeability, f0 = 1.3 a geometric fac-257
tor, M planetary magnetic dipole moment, and Psw ∝258
nswvsw the dynamical pressure of the stellar wind. Num-259
ber densities nsw and velocities vsw of the stellar wind are260
calculated using a hydrodynamical model (Parker 1958).261
Both quantities evolve as the star ages. Thus, we use em-262
pirical formulae (Grießmeier et al. 2007) to parameterize263
their time dependence.264
Observations of stellar winds from young stars are chal-265
lenging, and thus the models only cover stars older than266
700Myr. We extrapolate these models back to 100Myr,267
although there are indications that stellar winds “satu-268
rate” when going back in time (J. Linsky 2012, private269
communication).270
3. RESULTS271
3.1. Evolution of Magnetic Standoff Distance versus272
Runaway Greenhouse and Io Habitable Edges273
Figure 2 visualizes the evolution of RS (thick blue line)274
as a snail curling around the planet, indicated by a dark275
circle in the center. Stellar age (t⋆) is denoted in units276
of Gyr along the snail, starting at 0.1Gyr at “noon” and277
ending after 4.6Gyr at “midnight”. RS , as well as the278
RG and Io HEs, are given in units of Rp. At t⋆ = 0.1Gyr279
(t⋆ = 4.6Gyr), Rp = 0.385, 1.023, and 1.195RJup (0.329,280
0.862, and 1.056RJup) for the Neptune-, Saturn-, and281
Jupiter-like planets, respectively.282
In panel (a) for the Neptune-like host, RS starts very283
close to the planet and even inside the RG HE for the284
eps = 0.001 case (thin black snail), at roughly 2Rp from285
the planetary center. This means, at an age of 0.1Gyr286
any Mars-like satellite with eps = 0.001 would need to287
orbit beyond 2Rp to avoid transition into a RG state,288
where it would not be affected by the planet’s magneto-289
sphere. As the system ages, wider orbits are enshrouded290
by the planetary magnetic field, until after 4.6Gyr, RS291
reaches as far as the Io HE for eps = 0.1 (thick dashed292
line).1 In summary, moons in low-eccentricity orbits293
around Neptune-like planets can be close the planet and294
be habitable from an illumination and tidal heating point295
of view, but it will take at least 300Myr in our specific296
case until they get coated by the planet’s magnetosphere.297
Exomoons on more eccentric orbits will either be unin-298
habitable or affected by the planet’s magnetosphere after299
more than 300Myr.300
1 Note that as the planet shrinks, the RG and Io HEs move out-
ward, too. This is because of our visualization in units of planetary
radii, while the values of the HEs remain constant in secular units.
4 Rene´ Heller & Jorge Zuluaga
RG   eps=0.1
RG   eps=0.01
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Io
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Figure 2. Evolution of the magnetic shielding (blue curves) compared to the RG HEs (solid black lines) and Io-like HEs (dashed green
lines). Thick lines correspond to HEs for eps = 0.1, intermediate thickness to eps = 0.01, and thin circles to eps = 0.001. Thin gray
lines denote distances in intervals of 5 planetary radii. The filled circle in the center symbolizes the planetary radius. Panel (a) shows
a Neptune-like host, (b) a Saturn-like planet, and (c) a Jupiter-like planet. In all computations, a Mars-sized moon is assumed, and the
planet-moon binary orbits a K dwarf in the center of the stellar HZ.
Moving on to Figure 2(b) and the Saturn-like host,301
we find that RS reaches the eps = 0.001 RG HE after302
roughly 200Myr, but it transitions all the other HEs sub-303
stantially later than in the case of a Neptune-like host.304
After ≈ 1Gyr, the eps = 0.01 RG HE and the Io HE for305
eps = 0.01 are transversed. After 4.6Gyr, all orbits ex-306
cept for the Io HE at an eccentricity of 0.1 are covered by307
the planet’s magnetic field. In conclusion, close-in Mars-308
sized moons around Saturn-like planets can be magnet-309
ically affected early on and be habitable from a RG or310
tidal heating point of view, if their orbital eccentricities311
are small.312
Finally, Figure 2(c) shows that exomoons at the RG313
HE of Jovian planets for eps = 0.001 will be bathed in314
the planetary magnetosphere at stellar ages as young as315
100Myr. After roughly 1.3Gyr, RS transitions the RG316
HE for eps = 0.1 and the Io HE for eps = 0.01. Even317
the Io HE with an eccentricity of eps = 0.1 is covered318
at around 3.1Gyr. After 4.6Gyr, the planet’s magnetic319
shield reaches as far as 21Rp. Clearly, exomoons about320
Jupiter-like planets face the greatest prospects of inter-321
ference with the planetary magnetosphere, even in orbits322
that are sufficiently wide to ensure negligible tidal heat-323
ing.324
3.2. Minimum Magnetic Dipole Moment325
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Figure 3. Magnetic dipole moments (ordinate) for a range of
planetary masses (abscissa). The straight lines depict Mdip as it
would be required at an age of 0.5Gyr in order to shield a moon
at a given HE (solid: runaway greenhouse; dashed: Io-like heat-
ing). Low-mass giants obviously fail to protect their moons beyond
most HEs, while Jupiter-like planets offer a range of shielded or-
bits beyond the RG and Io HEs. Neptune, Saturn, and Jupiter are
indicated with filled circles.
Looking at the standoff radii for the three cases in Fig-326
ure 2, we wonder how strong the magnetic dipole moment327
Mdip would need to be after 0.5Gyr, when the atmo-328
spheric buildup should have mostly ceased, in order to329
magnetically enwrap the moon at a given HE. This ques-330
tion is answered in Figure 3.331
While planets with relatively massive cores (brown332
solid line) shield a wider range of orbits for givenMp be-333
low roughly 1MJup, the low-mass core model (blue solid334
line) catches up for more massive giants. What is more,335
our model tracks for the predictedMdip, which we expect336
to be located between the thick brown and thick blue line,337
“overtake” the RG and Io-like HEs for a range of eccen-338
tricities. HE contours that fall within the shaded area,339
are magnetically protected, while moons above a certain340
HE are habitable from a tidal and illumination point of341
view.342
We finally examine temporal aspects ofmagnetic343
shielding in Figure 4. The question answered in this plot344
is: “How long would it take a planet to magnetically coat345
its moon beyond the habitable edges?”. Again, planetary346
mass is along the abscissa, but now stellar life time t⋆ is347
along the ordinate. Clearly, the magnetic standoff radius348
of lower-mass planets requires more time to expand out349
to the respective HEs. While low-mass giants with low-350
mass cores (blue lines) require up to 3.5Gyr to reach the351
RG HE for eps = 0.01, equally mass planets but with a352
high-mass core (thin brown line) could require as few as353
650Myr.354
Planets more massive than roughly 0.3MJup, will coat355
their moons at the RG HE for eps = 0.01 as early as 1Gyr356
after formation. For lower eccentricities, time scales de-357
crease. As the RG HE is more inward to the planet than358
the Io HE, it is coated earlier than the Io limit for given359
eps. RG and Io HEs for eps = 0.001 are not shown as360
they are covered earlier than ≈ 300Myr in all cases.361
4. CONCLUSION362
Figure 4. Time required by the planet’s magnetic standoff radius
RS to envelop the Io (dashed) and RG (solid) HEs. Shaded regions
illustrate uncertainties coming from planetary structure models,
with the boundaries corresponding to a high- and a low-core mass
planetary model, respectively (brown and blue lines). In general,
the magnetic standoff distance around more massive planets re-
quires less time to enshroud moons at a given HE.
Mars-sized exomoons of Neptune-sized exoplanets in363
the stellar HZ of K stars will hardly be affected by plan-364
etary magnetospheres if these moons are habitable from365
an illumination and tidal heating point of view. While366
the magnetic standoff distance expands for higher-mass367
planets, ultimately Jovian hosts can enshroud their mas-368
sive moons beyond the HE, depending on orbital eccen-369
tricity. In any case, exomoons beyond about 20Rp will370
be habitable in terms of illumination and tidal heating,371
and they will not be coated by the planetary magneto-372
sphere within about 4.5Gyr. Moons between 5 and 20Rp373
can be habitable, depending on orbital eccentricity, and374
be affected by the planetary magnetosphere at the same375
time.376
Uncertainties in the parameterization of tidal heating377
cause uncertainties in the extent of both the RG and378
Io HEs. Once a potentially habitable exomoon would379
be discovered, detailed interior models for the satellite’s380
behavior under tidal stresses would need to be explored.381
In a forthcoming study, we will examine the evolution382
of planetary dipole fields, and we will apply our methods383
to planets and candidates from the Kepler sample. Ob-384
viously, a range of giant planets resides in their stellar385
HZs, and these planets need to be prioritized for follow-386
up search on the potential of their moons to be habitable.387
The referee report of Jonathan Fortney substantially388
improved the quality of this study. We have made use389
of NASA’s ADS Bibliographic Services. Computations390
have been performed with ipython 0.13 on python391
2.7.2 (Pe´rez & Granger 2007). RH receives funding392
from the Canadian Astrobiology Training Program. JIZ393
is supported by CODI-UdeA and Colciencias.394
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